Abstract: Without monitoring anthropogenic pressures on the water environment, it is difficult to set realistic river restoration targets in relation to water quality. Therefore a more holistic approach is needed to systematically explore the links between socio-economic drivers and observed water quality-related impacts on river ecosystems. Using the DPSIR (Drivers-Pressures-State of the Environment-Impacts-Responses) framework, this study linked ecological river restoration with the socio-economic sector, with the focus on promoting a pressure-oriented water quality monitoring system. Based on the European Water Framework Directive (WFD) and relevant literature, it was found that most water quality-related indicators employed today are state/impacts-oriented, while very few are pressure-oriented. As a response, we call for more attention to a DPR (Drivers-Pressures-Responses) framework in developing an industrial ecology-based pressure-oriented water quality monitoring system for aiding ecological river restoration planning. This approach is characterized in general by accounting for material-related flows throughout the socio-economic sector in relation to river ecosystem degradation. Then the obtained information would help decision makers take appropriate measures to alleviate various significant human-induced wastes and emissions at their sources. We believe that such a pressure-oriented monitoring system will substantially complement traditional state/impacts-oriented environmental and ecological monitoring and help develop more proactive planning and decision-making processes for specific river restoration projects and general water quality management.
Introduction
In recent decades, river ecosystems have been greatly impaired in many regions worldwide, partly owing to water quality degradation. Since the 1990s, ecological river restoration has gradually become a promising way to recover impaired river systems in terms of ecosystem structure and functions [1] . In general, ecological restoration is defined as "an intentional activity that initiates or accelerates the recovery of an ecosystem with respect to its health, integrity and sustainability" [2] . In specific terms, river restoration is intended to "assist the establishment of improved hydrologic, geomorphic, and ecological processes in a degraded watershed system and replace lost, damaged, or compromised elements of the natural system", with the focus on addressing causes of system degradation [3] . To do this, river restoration planning and efforts must target the main contributing factors [4] that have exerted the most significant pressures and impacts on river ecosystems. Very often, water quality degradation is strongly addressed in river restoration projects. For example, water quality improvement is a top priority of three goal categories of river restoration projects in the United States of America [5] .
In order to generate a clear picture of alternative evidence-based river restoration activities, a rigorous assessment of the current state of the system under study is essential [6] . However, it has proven to be surprisingly difficult to define a degraded, damaged or destroyed state in a scientifically unambiguous manner to aid in setting clear goals for the desired state [7] . This also holds true when addressing various perspectives from a variety of related disciplines such as hydrology, ecology and geology. Not surprisingly, one common cause of the failure of river restoration projects is the neglect of factors outside of the study area [8] . Many infrastructure-oriented projects are labeled river restoration, but are not based on water quality data or other measures of environmental impairment [9] .
In river restoration, exploring the efforts of water quality monitoring to a large extent could reflect the dominant perspectives in understanding the causes of river system degradation. In this context, water quality monitoring data and indicators serve as the main basis for identifying water quality changes and pressures (stressors) in the ambient environment. In European river restoration projects, the main focuses of monitoring tend to be as follows: (i) water quality including nutrients; (ii) geomorphological changes; (iii) hydrological and hydraulic regimes; (iv) aquatic invertebrates; (v) landscape (land use patterns); and (vi) plant communities (channel and floodplain) [10] . As can be seen, water quality status currently is often determined by the use of physical, chemical and biological indicators supported by the field monitoring data. However, an understanding of biophysical causes and their corresponding impairment alone is not sufficient to maintain freshwater ecosystems and support developing sustainable water management policies [11] . In order to effectively combat and prevent contributing factors of water systems degradation, therefore, it is crucial to expand the traditional system boundaries of river restoration, taking the anthropogenic system into account.
Theoretically, the interactions between humans and the water environment can be addressed in an industrial ecology (IE) perspective [12, 13] . To the best of our knowledge, the development of IE-based pressure-oriented water quality monitoring approaches is seldom discussed in the literature in relation to river restoration and water management. From the IE perspective, emphasis should be placed equally on understanding the links among socio-economic drivers, potential pressures (e.g., material flows and emissions) and the changing state of, and actual impacts on, a river system. Generally, IE employs a whole-system approach and seeks to understand how the ecological impacts of material flows can be minimized [14] . In the context of IE, the word "industrial" refers to all human activities occurring within the modern technological society, while the word "ecology" refers to the science of ecosystems [15] . From a principal perspective, employing the IE-based approach could aid in developing a pressure-oriented water quality monitoring system by tracing the sources of pollutants in river systems back to root causes in the socio-economic sector.
This study used the European Environment Agency's DPSIR (Drivers-Pressures-State of the Environment-Impacts-Responses) framework [16] as the basis for discussing the contemporary water quality monitoring efforts devoted to river restoration. The aim was to call for more attention to the currently neglected links between humans and the river environment in river restoration planning, with the focus on water quality monitoring systems. Furthermore, an IE-based pressure-oriented framework is suggested, aiding to develop more proactive strategies to effectively combat impaired water quality at river basin level.
The DPSIR Framework and Conceptualization of Water Quality Monitoring Approaches

The DPSIR Framework
As an indicator-based environmental reporting approach, the DPSIR framework aims to describe environmental problems by identifying the cause-effect relationships between the environment and various anthropogenic activities in a wider socio-economic context. In terms of this framework, socio-economic development and socio-cultural forces function as drivers (D) of human activities that increase or mitigate pressures (P) on the environment. Environmental pressures would thus change the state of the environment (S) and result in impacts (I) on human health, ecosystems and the economy. These may lead to societal responses (R) to the corresponding drivers, pressures, state of the environment or impacts via various mitigation, prevention or adaptation measures with regard to the environmental problems identified [16] . Generally speaking, the DPSIR framework comprises a systematic approach to environmental management by exploring the interdisciplinary links among socioeconomic drivers, environment-related pressures, state of the environment, impacts of environmental changes and, finally, social responses to combat environmental degradation.
Owing to its multidisciplinary systematic characteristics, the DPSIR framework has been widely used to assess and manage various environment-related problems. This can be seen from the literature, e.g., about biological invasions in Europe [17] and assessment of forest management strategies [18] . Regarding water problems, the DPSIR framework has been used for several purposes, with regard to sustainability evaluation in coastal areas [19] , integrated catchment-coastal zone management [20, 21] , and urbanization and subsurface environmental issues [22] . Moreover, using the DPSIR framework together with other methodologies in identifying relevant pressures and impacts has been demonstrated to be a useful approach in assessing the risk of failing to meet the objectives of the European Water Framework Directive (WFD) [23] . As emphasized in the literature [24] , it is now regarded as a widely-utilized framework in practice for monitoring and assessing environmental changes.
Despite having been frequently employed in the environmental domain, the DPSIR framework has also attracted various criticisms. Some typical criticisms of the framework include: (i) it forms a set of static indicators and cannot take into account the dynamics of the system under discussion; (ii) it provides unclear cause-effect relationships of complex environmental problems and a limited understanding of drivers for environmental changes; (iii) it suggests linear unidirectional causal chains of environmental problems; and (iv) it analyses environmental trends only by repeating the indicator reports at regular intervals [25, 26] . On the other hand, Karageorgis et al. argue that the focus should be on the links between the nodes of DPSIR by applying specific socio-economic and natural science-based models so as to better understand the cause-effect dynamics [27] . Furthermore, Carr et al. argue that the DPSIR framework is not a model to elaborate the cause-effect relationships that lead to particular environmental challenges; rather, its original goal is to identify appropriate indicators for the measurement and evaluation of those environmental problems [28] . In the present study, the latter is adopted as a guiding principle to discuss possibilities of developing an improved water quality monitoring system by the use of more pertinent indicators in a more holistic way.
The DPSIR-based Classification of Water Quality Monitoring Approaches
The aforementioned DPSIR framework was employed as the basis for discussing contemporary water quality monitoring efforts in river restoration. Our starting hypothesis was that the distribution of water quality monitoring resources could be reflected by the use of main types of indicators in practice. In the present study, water quality indicators are summarized from the EU WFD and the relevant literature on river restoration.
As inferred in the DPSIR framework, two kinds of monitoring approaches could be identified, characterized by the use of pressure-oriented and state/impacts-oriented indicators, respectively ( Figure 1 ). For the sake of simplicity, the state/impacts-oriented approach can be said to deal with the thematic words "State", "Impacts" and "Responses" in the DPSIR framework, while the pressure-oriented approach mainly addresses "Drivers", "Pressures" and corresponding "Responses".
From a principal perspective, both state/impacts-oriented and pressure-oriented water quality monitoring approaches are essential to better understanding water quality status and disturbance in the planning process of ecological river restoration projects. Generally speaking, the state/impacts-oriented approach focuses on monitoring the water environmental state and observing various effects of water environmental degradation. Correspondingly, the state/impacts-related responses usually seek to regulate pollutants discharged into the ambient water environment. To a large extent this approach would result in the development of end-of-pipe measures, such as building more wastewater treatment facilities.
In contrast, the pressure-oriented approach intends to trace the sources of various pressures on the water environment exerted by the socio-economic activities. From an IE point of view, the goal of the pressure-oriented approach is to systematically trace stocks and flows of various wastes and emissions, especially those with the potentially highest contribution to water quality degradation. So employing this approach could contribute to reduce wastes and emissions production in the first place so as to avoid some expensive end-of-pipe remedial measures for alleviating water environmental degradation. This is crucial for analyzing risks of water quality degradation in a large scale of river restoration projects, including those aiming at restoring run-dry river reaches. Figure 1 . The pressure-oriented and state/impacts-oriented water quality monitoring approaches based on the DPSIR framework (the dashed red arrow shows the emphasized shortcut to effectively respond to water environmental degradation in the present study).
Dilemmas of the Current Water Quality Monitoring System
As aforementioned, the current water quality-related indicators and parameters in use are classified by use of the DPSIR framework, particularly those employed in the EU WFD and the relevant literature about river restoration. However, a complete review of river restoration monitoring techniques is beyond the scope of the study. Here, Table 1 presents a summary of quality elements used for the classification of ecological status of all surface waters in the EU WFD and for designing monitoring techniques for river restoration projects. This summary intends to briefly explore the current resources allocation in river restoration projects and general water quality management. In accordance with the EU WFD, monitoring programmes for the assessment of surface water status, groundwater status and protected areas (Article 8) should be established within each river basin district. In particular, monitoring programmes for surface water should cover the ecological and chemical status and ecological potential, while those for groundwater should cover the chemical and quantitative status. In the WFD, three types of monitoring (Annex V) are suggested: (i) surveillance monitoring-routine monitoring to aid in evaluating water status, designing future programmes, and assessing long-term changes due to natural and human activities; (ii) operational monitoring-target waters probably falling below their designed status usually in the short term, which may influence the direction of the programme of measures; and (iii) investigative monitoring-for waters at risk in problems areas with pollution incidence, which would lead to response measures [31] . In the domain of river restoration, most monitoring schemes are likely to be of use only for investigative monitoring [30] .
As can be seen from Table 1 , most of the current concerns for water management and river restoration are state/impacts-oriented, while only water flow monitoring is partly pressure-oriented. Such state/impacts-oriented water quality monitoring information alone often fails to reflect significant pressures of water quality degradation exerted by anthropogenic activities in a holistic way. In the current domain of water management, there is much knowledge on assessing risks of water quality degradation, such as based on observed/monitored pollutants in receiving waters and hydrological changes. To a large extent, however, the anthropogenic metabolism currently is a "black box" for water managers and practitioners of river restoration. Moreover, the results of the present study also indicate a dilemma in river restoration: most river restoration monitoring efforts per se are state/impacts-oriented, while rather few are pressure-oriented (Figure 1 ).
Moving from the State/Impacts-Oriented to a Pressure-Oriented Approach
Necessity of Moving towards a Pressure-Oriented Water Quality Monitoring Approach
The aforementioned dilemma may reflect the dominant working domain of river restoration nowadays, which is mainly from the perspectives of ecologists, hydrologists and geomorphologists. The current focus of river restoration is mainly on aquatic and terrestrial ecosystems with relation to species, habitat, landscapes, ecosystem services, sediment management, water flows and allocation, and so on [32, 33] . Not surprisingly, a large amount of the scarce resources in river restoration projects have been (re-) allocated for state/impacts-oriented monitoring & modelling to meet different demands for information to assist in identifying problems and providing alternative measures.
It has been argued that river restoration should emphasize the importance of understanding driving processes when identifying priorities and setting realistic goals [34, 35] . Moreover, it is of paramount importance that resources should be targeted where they will produce the most beneficial impact on river restoration projects [30] . When discussing the frequently employed approaches to develop ecological restoration strategies, King and Hobbs concluded that "the structural approach tends to focus upon mechanical manipulations of components of ecosystem structure, whereas the functional approach instead attempts to manipulate the interactions and dynamics-the ecological processes-which have been degraded" [36] . Clearly both the structural and functional approaches are coincident with the goals of striving to achieve healthy river systems. Here, two principal questions remain: (i) how to ensure acceptable water quality and thus contribute towards more successful outcomes of ecological river restoration by means of effectively dealing with both point and non-point pollutants due to socio-economic development; and (ii) what kinds of information could better aid in assessing the risks of water quality decline, especially when water quality monitoring data are lacking owing to dried-up river beds.
Environmental changes and the pressures that cause them can only be properly understood when they are discussed in the context of the human activities or driving forces that give rise to them [37] . Regarding water quality degradation, the current inadequate pressure-oriented monitoring efforts on river restoration may lead to less effective and efficient measures to combat river ecosystem degradation in the long term. In practice, water quality degradation is mainly caused by increased substance and element fluxes (both point and non-point) from the anthroposphere to the environment. A typical example is increased nutrient outflows in the vicinity of large urban areas often leading to various water pollution problems such as eutrophication.
In recent years, the development of water quality accounting methods has received more attention since the first attempt presented in the United Nation's Handbook of National Accounting-Integrated Environmental and Economic Accounting 2003 (SEEA-2003) [38] . In 2007, the United Nations Statistics Division (UNSD) prepared another report titled "Systems of Environmental-Economic Accounting for Water" (SEEAW), including the development of approaches to water quality accounts. In the SEEAW report, water quality accounting only refers to state and impacts, without further specifying the causes of water quality changes in an accounting period, due to difficulties in linking water quality changes to their causes [39] .
In Europe, several efforts have been made to address water problems using a pressure-oriented approach. In the EU WFD [40] , for example, several categories of pressure on the water environment are emphasized, including pollution pressures from diffuse and point sources, quantitative resource pressures, hydromorphological pressures and biological pressures. Another example is the Helsinki Commission (HELCOM) Baltic Sea Action Plan (BSAP), adopted in 2007, aiming to restore good ecological status of the Baltic Marine Environment by 2021. One goal of the HELCOM BSAP is to have a Baltic Sea unaffected by eutrophication by means of cutting the nutrient (phosphorous and nitrogen) load from waterborne and airborne inputs [41] . From the perspective of industrial ecologists, the HELCOM approach is of a semi-pressure oriented approach with the main focus on mapping the sources of emissions. On the other hand, however, the HELCOM BSAP has shown some early seeds to an explicit pressure-oriented approach to water management.
In order to better understand river water quality degradation, a more holistic approach is needed to clarify the interlinks between the human-oriented and the river-oriented systems with respect to water quality changes. The lack of metabolism-based pressure-oriented water quality monitoring leads to difficulties in setting water quality restoration objectives in a scientifically sound way. Those difficulties become much more obvious when planning to restore river reaches running dry for years on a large scale. Therefore, it is of crucial importance to develop more holistic strategies in water quality monitoring for river restoration within extended system boundaries, including both natural river ecosystems and the human-oriented system.
Here, we argue that pressure-oriented water quality monitoring is urgently needed to aid in developing much more proactive planning and decision-making processes for ecological river restoration and general water quality management. To some extent, the current state/impacts-oriented monitoring approach seems unable to provide adequate pertinent information to planners and decision makers on risks of human activity on water quality that is essential to maintain ecological functions of a river system. In other words, river restoration demands an improved water quality monitoring system so as to comprehensively combat multiple causes of water quality impairment.
An IE-based Conceptual Approach to Aid in Accounting for Water Quality Pressures
Besides state/impacts-oriented water quality monitoring, a DPR (Drivers-Pressures-Responses) framework (Figure 1 ) should be promoted in order to develop more pressure-oriented monitoring systems and thus improve water quality management. In the socio-technical system, for example, the suggested DPR framework can be exemplified by systematically tracing pollutant flows in soil, air and water due to material use, and thereafter identifying their potential water quality-related pressures on the natural river system. The point is to understand production mechanism of all emissions due to socio-economic activities and their impacts on the water environment.
The basic premise of such metabolism-based water quality pressure analysis is that the amount of resource flow into the economy determines the amount of all outputs to the environment, including wastes and emissions [42] . In particular, it is necessary to systematically trace pollutant fluxes between the socio-economic system and river water systems, including the processes of raw materials extraction, manufacturing, product delivery, product use and disposal. Such pressure-oriented monitoring could contribute to achieving a more holistic understanding of the causes of water quality-related ecosystem degradation. Together with state/impacts-oriented monitoring, the development of pressure-oriented water quality monitoring could substantially contribute to moving towards more proactive planning processes for specific river restoration projects and general water management. Figure 2 shows our preliminary conceptual approach to aid in monitoring and accounting human-induced water quality pressures at the river basin level. In this conceptual framework, both a natural water system and a human-oriented water system are included in order to achieve a more holistic picture of the driving forces of and corresponding pressures on water quality status changes. This framework has dual aims: (i) to account materials use and pollutant fluxes in the socio-economic sector; and (ii) to interpret pressures of various society-induced emissions and wastes on the water environment.
From the perspective of IE, a pressure-oriented water quality monitoring and accounting would theoretically (and later in practice) be achieved by the use of Material Flow Analysis (MFA) and environmental Input-Output Analysis (IOA) over agreed system boundaries. MFA is a systematic assessment of the flows and stocks of materials within a spatial or temporal system boundary by connecting the sources, the pathways, and the intermediate and final sinks of materials [43] . Environmental IOA aims to enforce consistency among (inter-) industry production, pollution generation and abatement activities in the economic-ecological context [44] . Finally, the inventory results of emissions/wastes could be aggregated and assigned to impact categories, based on which the significant potential water quality pressures and their sources could be determined.
The main contribution of the suggested approach is to aid in accounting for material flows in the socio-economic system (the entire mechanism) and in generating inventories of all corresponding emissions to air, land and water in river ecosystems. Analyses of material flows should include all relevant socio-economic sectors, e.g., agricultural, industrial, energy production, mining, household, transportation, waste collection and disposal, etc. Carrying out a full MFA study is very challenging, considering its interdisciplinary characteristics and data requirements. However, it is rather necessary in order to obtain a more holistic picture of potential environmental pressures exerted by the socio-economic activities within a specific boundary. Once the material flows are quantified, the next step (even more challenging) is to classify and discuss both the potential and practical impacts of various emissions on water quality in the ambient water environment.
Figure 2.
A conceptual approach to aid in accounting the potential anthropogenic pressures on water quality from an industrial ecology perspective.
In order to develop a pressure-oriented water quality monitoring system over agreed system boundaries, close cooperation and interdisciplinary dialogues are needed among water managers, river restoration practitioners, ecologists, hydrologists, industry ecologists and experts from other relevant disciplines. The system boundary could be administrative regions, a river basin according to the EU WFD, or a combined administrative region and a river basin. Besides, decision makers are one of the key stakeholders in developing a pressure-oriented monitoring system in practice. This is partly because an effective and efficient pressure-oriented water quality monitoring system is not easy to achieve unless comprehensive documentation (data sources) is available on stocks and flows of material, water and energy through and within the socio-economic sector.
Conclusions
This study investigated the dilemmas in water quality monitoring approaches to river restoration, focusing on the relative distribution of state/impacts-oriented and pressure-oriented efforts. Based on the DPSIR framework, the findings of the study show that the current monitoring and environmental communication system for river restoration still significantly lacks a pressure-oriented approach to better understand the root causes of water quality degradation taking the socio-economic system into account. This finding is supported by the current status of indicators use in the relevant literature. This dilemma makes it very difficult for the practitioners of river restoration and decision makers to grasp and understand performance of the whole system (the entire metabolism) in relation to pollutants emitted to a river basin by means of air transport, water transport and direct human release and/or dumping. In this regard, extensive investigations and discussions are needed on whether to introduce a hydrological system boundary approach for water quality pressure monitoring such as in the European Water Framework Directive or an administrative approach (with administrative system boundaries).
On the basis of our arguments, we call for the use of a DPR (Driver-Pressure-Responses) framework to help develop a pressure-oriented water quality monitoring system. This is crucial to improve the understanding and management of human-induced pressures on water systems and to develop more proactive strategies and realistic objective systems for water management. This call will hopefully make researchers and water managers (re-)pay more attention to understand water quality degradation pressures exerted by socio-economic activities so as to optimize resource allocation for moving towards sustainable water systems in society at large.
While the present study only suggests a preliminary conceptual approach to account for the potential pressures of material flows and emissions between society and the environment, further studies are necessary to link socio-economic drivers and pressures together with observed environmental states and impacts by collecting and generating more scientific evidence. In particular, the following thematic research issues are worth emphasizing: (i) selection of system boundaries for pressure accounting, (ii) cost-effectiveness analysis of the suggested pressure-oriented approach, and (iii) synthesis research on metabolic accounting and the use of pressure-oriented monitoring as a decision support for water management.
